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Abstract 
Moisture ingress is one of the major damaging factors for building material. Today, the 
only approved way to assess such damages is the oven-drying Darr-method, which is 
essentially destructive. At BAM substantial progress has been made using the geophysical 
complex resistivity (CR) method, which can be applied non-destructively and provides spatial 
information along 2D sections rather than punctual along one borehole. Considerable 
advantages of CR are its sensitivity to textural properties as well as the pore fluid chemistry 
of wet porous media. In a comprehensive laboratory study and later in field scale experiments 
it could be shown that CR might even be able to distinguish between salt content and 
saturation degree in only one measurement.  
Résumé 
L’invasion de l’humidité est l'un des principaux facteurs préjudiciables pour les matériaux 
de construction. Aujourd'hui, la seule méthode approuvée pour évaluer de tels dommages est 
la Darr-méthode de séchage au four, qui est essentiellement destructive. Au BAM des progrès 
substantiels ont été accomplis en adoptant la méthode géophysique de résistivité complexe 
(CR), qui peut être appliquée de manière non-destructive et qui fournit des informations 
spatiales le long de 2D sections plutôt que ponctuelle le long d'un sondage. Les avantages 
considérables du CR sont sa sensibilité aux propriétés de texture avec la chimie du fluide 
dans les pores des matériaux poreux humides. Avec une étude de laboratoire complète et plus 
tard dans des expériences in situ on pourra montrer que le CR peut distinguer la teneur en sel 
et le degré de saturation avec une seule mesure. 
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1  Introduction  
Building engineers, and among them especially those concerned with cultural heritage 
objects, demand new technologies to thoroughly understand the source of the moisture and 
ongoing decay. The interpretation of DC-resistivity measurements is usually extremely 
difficult if no a-priori information about water content or fluid salinity are available. Both 
increasing saturation and increasing fluid salinity effectively decrease the amplitude of the 
electrical resistivity of porous materials. But, the ambiguity of resistivity amplitude (real part, 
ρ’) measurements might be overcome, if like with CR also the imaginary part (ρ’’) of the 
resistivity is measured. In many cases also the characteristic frequency dependence of real 
and imaginary resistivity components contains useful information on material properties like 
pore size distribution and specific surface.  
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2  Experimental 
The effect of fluid chemistry and saturation degree on the complex electrical behavior of 
porous building materials has recently been discussed in [1-2]. But, new systematic 
laboratory studies have indicated that the ambiguity of resistivity amplitude (real part) 
measurements might be overcome, if also the imaginary part of the resistivity is measured.  
When AC-resistivity measurements are carried out, the observed phenomena strongly 
depend on the used frequency range. Measurements in the low frequency range, that is from 
1 mHz – 1 kHz, are often referred to as Spectral Induced Polarization (SIP) or Complex 
Resistivity (CR) measurements. CR instruments usually record the resistivity magnitude and 
phase shift of a sample upon stimulus with an alternating current (compare Fig. 1). The 
results are either presented in terms of magnitude (ρ) and phase (Φ) or real (ρ’) and 
imaginary (ρ’’) component of resistivity. Equivalent is the notation using conductivity, which 
is the reciprocal of the resistivity. It holds: 
*
1
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The electrical conductivity is as well a complex value and consists of real and imaginary 
parts: 
' ' ' * σ σ σ i + =        (2) 
 
Figure 1: Principle of 
complex resistivity 
measurements. The 
amplitude ratio between 
the injected sinusoidal 
current and the resulting 
voltage is proportional to 
the resistivity  and the 
time shift is proportional 
to the phase. These two 
quantities are investigated 
over about five decades in 
the frequency range. 
 
2.1 Laboratory  experiments 
 
Four electrode measurements were made using a commercial SIP256c (Radic Research, 
[3]) measurement system. A measurement cell, where the current and potential electrodes are 
placed somewhat away from the sample (Fig.  2) proved to be a reliable setup. Test 
measurements with non-polarizing 1.5 % agar solved in distilled water showed that residual 
phase errors in the order of +/- 0.5 mrad can arise from the cell itself, but can be considered 
negligible for frequencies below 100 Hz. 
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Figure 2: Sketch of sample holder for CR 
measurements. German Silver wires 
sitting in PVC chambers serve as potential 
leads serve. Stainless steel caps are used 
as current electrodes at the front and end 
of the cell. Electrodes are coupled with 
agar gel to the specimen. 
 
 
In order to study the CR method’s ability to distinguish between salt load and saturation 
degree of a wet porous material, samples of Cottaer sandstone have been saturated with 
brines of four salts at eight different concentrations. Moreover four of those samples, that 
were saturated with medium concentrated brines (~0.01  M), have later on been dried 
stepwise. Plotting real (σ’) versus imaginary part (σ’’) of the conductivity the fully saturated 
samples can easily be distinguished from the partially saturated ones (compare Fig. 3). An 
addition of salt leads to an increase of both conductivity components, however, the change in 
σ’ is much stronger than in σ’’. Contrary, desaturation leads to a strong decrease of both 
components, but now σ’’ is the one changer more significantly. Each building stone type will 
have its own characteristic curve in the conductivity Nyquist-diagram. Similar characteristic 
curves could be obtained for brick samples in the laboratory.  
 
 
Figure 3: Real (σ’) versus 
imaginary (σ’’) conductivity 
component for Cottaer sandstone 
samples. Partially saturated 
samples (open symbols) can be 
distinguished from fully saturated 
ones with brines (solid symbols). 
In case of the fully saturated 
samples the labels denote the salt 
concentration in ppm, in case of 
the partially saturated ones the 
saturation degree in percentage 
for the Na2SO4 samples. 
 
2.2  Field scale experiments 
 
As a first step towards developing a reliable moisture measurement technique a flooding 
experiment has been carried out on the 7 m long, 3 m high and 0.8 m thick masonry specimen 
Obelix at BAM (Fig. 4). Obelix is contained in a concrete basin, which has weekly been filled 
with water from mid September till mid October 2007. CR monitoring was performed during 
moisture uptake and the subsequent drying period. At first common four-point measurements 
in Wenner (electrodes separated equidistantly) configuration were taken at different heights 
of the flooded specimen.  
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Figure 4: Historic brick specimen “Obelix”, left: front side, right: back side. The specimen is 
now roofed over. The electrical measurements were made in the brick section of the wall. 
 
Wenner measurements were recorded with 8 cm and 24 cm electrode separations. As an 
approximation one can say that the electrode separation is about equal to the penetration 
depth of a measurement. Figure 5 shows how the electrical resistivity magnitudes change 
with increasing height measured from September  2007 through May  2008. Whereas wet 
bricks show magnitudes between 100 - 500 Ωm, dry ones are significantly less conductive 
with magnitudes above 1000 Ωm. It can also be seen that the surface near part of the first 
brick layers start drying again in the late measurements (Fig. 5 left), because water can 
evaporate from the wall. Contrary, the inner part of  the specimen does not show any 
variation in resistivity, which indicates it is still quite saturated inside. 
 
 
 
Figure 5: Resistivity magnitudes versus height measured at Obelix from view 2 using 8 cm 
(left) and 24 cm (right) electrode separations. 
    
   NDTCE’09, Non-Destructive Testing in Civil Engineering   
  Nantes, France, June 30th – July 3rd, 2009   
 
 
 
 
Another aim of this was to understand whether magnitude and phase measurements can be 
taken in the field with a sufficient precision, and, the grouping of saturated and unsaturated 
material is still visible in a σ’-σ’’ plot. For a fired clay brick systematic salt load and 
desaturation experiments have been carried out in the laboratory. Figure 6 demonstrates that 
the same characteristic pattern as for Cottaer sandstone (Fig. 3) occurs and the two states can 
at least qualitatively be distinguished. Moreover, results obtained on Obelix at a very early 
flooding state (25/09/07, water level visible at the outside at brick layer 7) fit conclusively in 
this diagram (compare Fig. 6 black quadrangles, the label identifies the brick layer where the 
measurement was taken). It is conceivable that salt efflorences which were visible around the 
fifth brick layer may have caused the datum point of brick layer 5 to stand somewhat out.  
 
 
Figure 6: Wenner four-point CR 
measurements shown as real 
versus imaginary part of the 
conductivity for a brick sample 
in the laboratory along with 
results obtained on the flooded 
masonry specimen Obelix from 
different heights. The labels 
identify the brick layer in which 
the measurements were taken. 
Left from the dashed line 
samples have saturation less 
than 60%. 
 
In a second step CR tomography measurements were obtained. On each side of the 
specimen 25 ECG-electrodes were installed at 8  cm separations. For data analysis an 
inversion routine particularly adapted for spatial confined specimen has been used 
(WallBERT, [4]). However, this is a FE-based 2D-routine and test measurements on water 
basins have shown that artifacts are possible and depend on the electrode layout [2]. 
However, general trends can be monitored and dry from wet regions distinguished assuming 
the pore fluid chemistry is about constant. Figure 7 shows resistivity tomograms obtained at 
25/01/08 in four different heights. The 4
th and 7
th layer show that the historic brick part at the 
back (bottom of tomograms in Fig. 7) yields lower resistivities than the modern Egersunder 
brick at the front. However, from mercury intrusion capillary pressure experiments we know 
that the porosity and pore size distributions of the two bricks are very similar: porosity 
around 30% and dominant pore throat size 10µm. So, the most likely explanation for the 
historic bricks being wetter is that they are partially covered by plaster whereas the modern 
ones on the other side are not. The plaster probably retards the evaporation process due to its 
narrow pore system having dominant pore throats around 1µm.  
Phase measurements of adequate quality pose a challenge to most today commonly used 
measurement equipment. Unsatisfactory electrode coupling and very low currents are typical 
for partially saturated masonry. Even though at first the contact resistances at Obelix were in 
the range of some kΩ all phase data are relatively noisy. However, currently it is tried to filter 
and extract reliable information of the obtained data sets. If successful qualitative indications 
on the spatial salt content distribution may be derived. 
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Figure 7: CR tomograms measured on Obelix in different heights at 25/01/08 using a 
SIP256c device with 50 electrodes. 
 
3  Conclusions 
It has been observed for lab samples from different sandstones and bricks that in Nyquist-
diagrams (σ’ versus σ’’) fully saturated samples can easily be distinguished from the partially 
saturated ones. A salt addition mainly causes a significant increase in σ’ and affects σ’’ less. 
A decrease in water content, in contrast, leads to a strong reduction of σ’’ and affects σ’ less. 
It is hence hoped that in electrical tomographies of water damaged building structures (e.g. 
walls affected by rising ground water or rain water ingress) the spatial distributions of water 
and salt can be resolved. First field scale experiments on a historic masonry specimen at 
BAM have been carried out. The specimen was flooded over a period of 5 weeks and its 
water uptake and subsequent drying has been monitored with CR. Reliable results can be 
obtained also in a tomographical approach for amplitude data. In order to get phase 
measurements (which are needed to compute σ’’) of suitable quality and hence, be able to 
assess also the spatial salt distribution within a specimen, more precise measurements are 
needed. 
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